ABSTRACT Double-stator switched reluctance motors (DSSRMs) are gaining much attention due to advantages of higher power/torque density and lower acoustic noise compared to conventional SRMs. In this paper, a novel three-phase 12/8/12-pole DSSRM design method is proposed by multiple pole arcs optimization for higher torque and lower torque ripple applications. A constrained quadrilateral is first presented to restrict the combinations of pole arcs according to motor operation conditions. Then, multiple parametric analysis processes are employed to analyze the effects of pole arcs on static torque in 3-D finiteelement modeling environment. In order to select the optimal combinations of pole arcs generating higher torque, an effective torque evaluation principle is presented. Instead of the conventional 22.5 • rotor position range, 15 • range is adopted to calculate the average torque according to the static torque profiles, which is more effective to evaluate the torque capability. The selected torque range considers not only the excitation and demagnetization processes of phase currents but also the optimal range for torque generation. Finally, in order to achieve a lower torque ripple, the transient simulation is further carried out to identify the optimal pole arcs by comparing the torque ripple, average torque, and efficiency.
I. INTRODUCTION
Switched reluctance motors (SRMs) have attracted increasing attention in recent decades, due to their advantages of simple structure, low cost, wide speed range, and fault-tolerance ability [1] - [5] . As a potential candidate for industrial applications, SRMs have been a promising solution in electric vehicles (EVs) [6] , hybrid electric vehicles (HEVs) [7] , aircraft application [8] , agriculture tools [9] , and home appliances [10] . However, due to the inherent doubly salient structure and discrete torque production mechanism, high vibration and acoustic noise issues are caused for SRMs [11] , [12] . In addition, compared to permanent magnet synchronous motors (PMSMs), the lower power and torque densities, and lower efficiency limit their further developments due to higher requirements of motor performance in industrial applications [13] , [14] .
In order to reduce the vibration and improve the power and torque densities for SRMs, many machine topology optimization methods have been put forward. In [15] , the vibration reduction is effectively achieved by skewing the stator and rotor-SRM with 22.5 • skewing angle. In [16] , the radial and screw-type configurations are adopted to reduce the acoustic noise. In [17] , the stator and rotor structures and iron material are investigated to achieve the competitive torque and efficiency compared to IPMSMs. In [18] , a novel double-coil modular SRM with hybrid magnetic paths is proposed to improve torque capability, mitigate torque ripple, and reduce stator iron-core mass. In [19] , a novel pole arc optimization method is proposed for stator and rotor teeth by comparing the average torque in 15 • rotor position range from the static torque profile for three-phase 12/8-pole SRM, which shows accurate results. In [20] , to obtain the maximum average torque and minimum torque ripple, a neural network method is utilized to search for optimum stator and rotor arcs. In [21] and [22] , the multi-objective optimization function is proposed to identify the optimum stator and rotor arcs by making compromise among the maximum average torque, maximum average torque per copper loss, and maximum average torque per motor lamination volume.
As a new type of SRM with two stators, the doublestator SRM (DSSRM) provides a much more efficient solution to generate large motional forces with limited radial force [23] , [24] . Hence, DSSRM has superior performance in terms of higher torque and power densities, and can be widely applied in electric vehicle, aerospace, and other industrial traction drive systems [25] . In [26] , an analytical design method is proposed based on power expression to select the critical parameters of DSSRM. By comparing conventional SRM, the segmental rotor SRM, and DSSRM, the DSSRM shows lower vibration, higher torque/power density and energy conversion ratio [27] - [29] . In [30] , to further reduce the torque ripple for DSSRM, a novel rotor shape optimization method is presented by drilling four specific holes in the rotor. In [31] , by dissecting the DSSRM into two inner-and outer-rotor SRMs, a new DSSRM design method is proposed, which provides guidance for the DSSRM design. In [32] , a detailed thermal modeling is developed to optimize the cooling system design and thermal management, which aims at characterizing of the peak torque/power, continuous torque/power, and efficiency under various operational conditions. In order to reduce the radial force and increase the efficiency and performance of the DSSRM, a novel flat-type segmented cup-rotor SRM is proposed in [33] , where the shaft is placed on one bearing and the rotor is connected to the load directly without any shaft requirement. To maintain the high power density and reduce the significant heat caused by the full-pitch winding, the concentrated winding configuration is proposed in [34] to replace the conventional winding, which brings higher efficiency and wider high-efficiency region.
In this paper, a novel multiple pole arcs optimization-based DSSRM design strategy is proposed for higher torque and lower torque ripple. Firstly, a constrained quadrilateral is presented to define the possible variation range of pole arcs. Secondly, the effects of four pole arcs on the torque characteristic are investigated respectively based on the multiple parametric analyses. To assess the torque profiles accurately under different pole arc combinations, the average torque with 15 • rotor position range is proposed to calculate the average torque. Thirdly, to design the DSSRM with lower torque ripple, the transient simulation is further carried out to search for the optimal combination of pole arcs according to torque ripple. By using the proposed design method, a highperformance DSSRM with high torque and low torque ripple can be obtained.
This paper is organized as follows. Section II presents the typical structure of DSSRM. In Section III, the design process and the initial design parameters are illustrated. The pole arcs optimization for higher torque and lower torque ripple is analyzed in Section IV. Finally, conclusions are given in Section V. 
II. DSSRM TOPOLOGY
As a novel type of SRM, DSSRM is a good candidate for industrial applications, due to its high power and torque densities, and low acoustic noise. A three-dimensional (3-D) model of the three-phase 12/8/12-pole DSSRM is shown in Fig. 1 . Two stators including the inner and outer stators and the segmented rotor are employed in this configuration. For each stator, there are 12 poles equipped with concentrated windings. All the windings are divided into three phases and each phase has eight windings connected in series. The rotor is composed of eight modular segments, which is assembled together by a nonferromagnetic cage [33] .
The operational principle of the DSSRM is similar to conventional SRMs. The rotating torque is produced to minimize the reluctance in the magnetic circuit. In order to demonstrate the rotor position more clearly, the relative positions between stator and rotor are defined. For one phase, when the center of the rotor slot and the axial lines of the stator pole are overlapped, the phase inductance is minimum, where the rotor position is defined as the unaligned position (i.e., 0 • ); when the axial lines of the stator and rotor poles are overlapped, the phase inductance is maximum, where the rotor position is defined as the aligned position (i.e., 22.5 • ).
III. DESIGN PROCESS OF DSSRM
For DSSRMs, the design procedure is much more complicated than conventional SRMs due to more design parameters. In [31] and [33] , the DSSRM is separated into two inner and outer rotor SRMs, which are designed respectively according to the design principle of the conventional SRM. The design results are finally integrated into the required DSSRM. Although the performance of the integrated DSSRM cannot match the sum of the two separated SRMs, the design concept provides a useful guidance for the DSSRM design. In addition, the whole positive torque range of each phase for the obtained DSSRM is only 15 • , which greatly degrades the torque performance of the three-phase 12/8/12-pole DSSRM. In order to improve the torque performance, the multiple pole arcs optimization-based DSSRM design method is proposed in this paper. The DSSRM is preliminarily designed according to the design process mentioned in [31] and [33] , then four optimal pole arcs of DSSRM are scoped out for higher torque and lower torque ripple.
In order to precisely determine the machine geometric dimension, the design objectives, design constraints, and design variables are involved for the motor design. The design objectives and constraints usually are some design requirements and specifications, as shown in Table 1 . Generally, considering the specific applications and the constraint of pre-existing machine mould, the outer diameter is considered as an initial design specification and kept as a constant parameter.
The cross section of the designed DSSRM is shown in Fig. 2 . According to the initial design requirements and specifications presented in Table 1 , the initial motor parameters are designed by separating the DSSRM into two inner and outer rotor SRMs [31] , [33] . The total output power and torque can be illustrated as:
(1)
where P in and P out are the output power generated by the inner and outer rotor SRMs, respectively; T in and T out are the output torque generated by the inner and outer rotor SRMs, respectively. Based on the respective output power and torque of the inner and outer rotor SRMs, the initial motor parameters are presented in Table 2 .
Considering that the aspect ratio (i.e. outer diameter/axial length) is bigger for the designed DSSRM, the influence of end-flux fringing effects needs to be considered. Hence, the 3D FEM is adopted to implement the simulation analysis. Based on the initial design parameters, the static simulation is carried out in Maxwell. The flux density distribution of one phase is shown in Fig. 3 , which is obtained under 6 A at the aligned position. In Fig. 3 (a) , the magnetic flux lines of each stator are divided into two paths, which both pass through the rotor, the inner and outer stators, and their yokes, respectively. The maximum flux density is close to 1.7 T, as shown in Fig. 3 (b) .
The flux linkage and torque characteristics under 2∼6 A phase currents at different rotor positions are shown in Fig. 4 . It can be seen that the flux values are almost unchanged and the generated torque by DSSRM cannot be built up quickly near the unaligned rotor position, which greatly reduces the torque production ability. The torque production range is mainly concentrated from 6 • to 21 • rotor position, which would easily cause the excited phase current flow in the negative torque region, leading to the motor efficiency reduction. Hence, it is important to distribute the positive torque range more reasonable, and produce high torque and reduce torque ripple by optimizing both the stator and rotor pole arcs, including the inner and outer ones, respectively.
The flowchart for the DSSRM design is shown in Fig. 5 . After the initial design, the multiple parametric simulations of pole arcs are carried out to find optimal combinations of pole arcs by the proposed novel average torque calculation method, which can generate higher torque and satisfy the specific accuracy. Finally, the optimal one is determined by comparing the torque ripple, which is obtained by carrying out the transient simulation among the preliminarily identified combinations.
IV. MULTIPLE POLE ARCS OPTIMIZATION A. CONSTRAINT CONDITIONS ANALYSIS OF POLE ARCS
For the two adjacent phases of SRMs, the relationship between the phase inductance and current with respect to the rotor position are shown in Fig. 6 . To ensure the bidirectional self-startup ability at any rotor positions, the overlapping region should exist between the inductance ascending regions of the two adjacent phases [25] , [27] , which means:
where θ 2 is the initial rotor position where the inductance of the incoming phase starts to increase; θ 3 is the initial rotor position where the inductance of the outgoing phase reaches its peak.
The phase inductance ascending range is equal to the minimum value between the stator pole arc and rotor pole arc, which is expressed as follows:
where θ 1 is the initial rotor position where the inductance of outgoing phase starts to increase. In addition, there is phase difference between the two adjacent phases, which can be expressed as:
According to (3), (4), and (5), one constraint condition can be derived as:
In order to achieve the higher torque, there must be enough rotor position range to build the peak current. The region of the minimum inductance should be large enough [25] , [27] . Hence, another constraint can be expressed as:
Combining (6) and (7), the two constraints of pole arcs can be illustrated by a specific triangle in Fig. 7 , where the minimum and maximum values of pole arcs are:
Although the operation principle of the DSSRM is similar to conventional SRMs, appropriate adjustments should be made for the constraints obtained from SRMs. Considering that VOLUME 6, 2018 the DSSRM can be separated into two inner-and outer-rotor SRMs, the constraints can be modified as:
The improved constraints for DSSRM are the basic conditions to ensure the self-startup ability. Actually, the pole arcs should increase appropriately to produce higher torque and efficiency. In addition, considering the current motor producing technic, the stator slot space factor should not be too large to accommodate the copper wires, slot lining, and insulation, and too small to produce the required torque. Usually, the stator slot space factor f slot should satisfy [35] :
Therefore, for the designed three-phase 12/8/12-pole DSSRM, another constraint for the pole arcs of innerand outer-stators is obtained. Given the selected coil turns and wire diameter, the pole arcs of the inner and outer stators are constrained due to the stator slot space factor, which are restricted to no more than 12 • and 23 • , respectively.
Based on the analysis above, the constraints of pole arcs are finally identified by considering both the self-startup ability and slot space factor, which is illustrated in Fig. 8 . 
B. STATIC PARAMETRIC ANALYSIS AND SIMULATION RESULTS
Considering that the pole arc of the inner stator is restricted to no more than 12 • due to the slot space factor, the variation range is set from 9 • to 12 • to investigate the effect on the torque production. According to the constrained quadrilateral, the basic variation range of outer stator is from 15 • to 23 • , and the two poles arcs of the rotor are from 15 • to 30 • . In the simulations, it should be noted that the combinations of the pole arcs should further satisfy the constrained quadrilateral.
Although the variation ranges of pole arcs have been obtained, there are still countless combinations of pole arcs satisfying the constrained quadrilateral. In order to reduce the calculation, improve the parameter analysis, and select the combinations with higher torque quickly, the variation range of each pole arc is discretized by an interval. During the parametric analysis process, the static torque performances are investigated under all the possible discretized combinations of pole arcs. The interval is narrowed repeatedly after each parametric analysis until the search interval or the generated torque finally satisfies the specific requirements. For the first parametric analysis, the discretization principle is as follow: (1) The designed DSSRM is simulated in ANSYS/Maxwell environment, and 3-D simulation models are establ ished to investigate and compare the influence of each pole arc variation on the torque characteristic. In Fig. 9 , the static torque profiles with 6 A phase current under different pole arcs of the inner stator are illustrated, where the inner-and outer pole arcs of the rotor are set to 20 • and 18 • , respectively, and the pole arc of the outer stator are set to 18 • . It can be seen that when the other three pole arcs are constant, the static torque profile becomes wider with the increasing of the pole arc of the inner stator. In order to illustrate the torque performance more clearly, the average torque under different pole arcs of the inner stator is calculated.
Traditionally, the average torque is calculated according to the static torque in the whole positive torque region. However, considering the excitation and demagnetization modes of phase windings, the phase currents cannot achieve the given current in the initial conducting region and will gradually drop to zero at the end. Hence, it is not reasonable to use the whole positive torque region to calculate the average torque. In [24] , the average torque comparison is proposed by selecting 15 • rotor position range for three-phase 12/8-pole SRM, and the comparison results is more accurate and convincing. Based on the facts mentioned above, it is more appropriate to select optimal 15 • rotor position region, i.e., from 4 • to 19 • , to calculate and compare average torque. To reflect the significance of the adopted 15 • calculation method, the comparison of the two calculation methods by employing different rotor position regions is made for all the parameter analyses. As shown in Fig. 10 , this comparison is illustrated when the pole arc of the inner stator changes from 9 • to 12 • . It can be seen that, the average torque calculated by the proposed 15 • rotor position range is a little higher than the one calculated by the whole positive torque range. Meanwhile, it is observed that the maximum average torque is generated when the pole arc of the inner stator is set to 12 • , no matter which method is adopted.
The static torque comparison under different inner pole arcs of the rotor is illustrated in Fig. 11 , where the outer pole arc of the rotor is set to 18 • , and pole arcs of the innerand outer-stators are set to 12 • and 18 • respectively. It can be seen that, with the increasing of the inner pole arc of the rotor, the region generating the smooth torque, shifts from the unaligned position to the aligned position. However, as shown in the figure, the covered areas of the torque profiles obtained by different inner pole arcs of the rotor are almost the same, which means the average torque calculated by employing the whole positive torque region should be similar. The result is further verified by the actual calculation results obtained by employing the whole region, which is shown in Fig. 12 . According to the average torque with 22.5 • rotor position region, the optimal inner pole arc of the rotor cannot be found out. When the proposed torque calculation method is adopted, the torque performance can be easily assessed, and the maximum average torque is generated when the inner pole arc of the rotor is 20 • . Obviously, the proposed average torque calculation method by employing 15 • rotor position region is more reasonable and shows more accurate results.
The static torque profiles under different outer pole arcs of the rotor are shown in Fig. 13 , where the inner pole arc of the rotor is set to 20 • , and pole arcs of the inner-and outerstators are set to 12 • and 18 • , respectively. The average torque results are shown in Fig. 14 . According to the proposed torque calculation method, the maximum average torque is achieved when the outer pole arc of rotor is 18 • . The static torque profiles under different pole arcs of the outer stator is shown in Fig. 15 , where the pole arcs of the inner stator, and inner-and outer-pole arcs of the rotor are set to 12 • , 20 • , and 18 • respectively. The comparison of the average torque is shown in Fig. 16 . It is shown that the maximum average torque is achieved when the pole arc of the outer stator is 18 • .
According to the simulation results of the first-step parametric analysis, higher torque is generated when the pole arcs of the inner-and outer-stators are 12 • and 18 • , respectively, and inner-and outer-pole arcs of the rotor are 20 • and 18 • , respectively. Due to the selected larger interval in the first parametric analysis process, the optimal pole arcs need to be further identified by the second-step parametric analysis. Considering the effect of the inner-stator pole arc on the torque characteristic, the pole arc of the inner stator is set to 12 • . For the other three pole arcs, the optimal pole arcs obtained in the first-step parametric analysis must be included in the new variation ranges. Hence, in the second-step parametric analysis, the simulation principle is as follow: (1) After the second-step parametric analysis process, four optimal combinations of stator and rotor pole arcs are scoped out, where higher torque is generated compared to others. The selected combinations are obtained when the pole arc of the inner stator and the inner pole arc of the rotor are 12 • and 21.5 • , respectively. The torque profile and average torque under the four combinations of stator and rotor pole arcs are shown in Figs. 17 and 18 , respectively. From the figures, it can be seen that the average torques are very similar and the difference is no more than 3%. Considering that the changing step of four pole arcs are all 1 • and the obtained torque value are much similar, the optimal one should be further determined from the four combinations by transient simulation.
C. TRANSIENT SIMULATION RESULTS AND ANALYSIS
In order to identify the optimal one from the four obtained combinations of pole arcs, the transient 3D simulation is further carried out in ANSYS/Maxwell software. In the simulation, the DSSRMs are powered by a 120 V dc source. Four transient simulation models are built up for the DSSRMs with different combinations of pole arcs. When the motor speed is 1000 r/min, and turn-on and turn-off angles are set to 0 • and 19 • , respectively, the phase currents and total torque waveforms with different pole arc combinations are shown in Fig. 19 . It can be seen that, the torque is more smooth when the pole arcs of the inner-and outer-stator are 12 • and 17.5 • , respectively, and the inner-and outer-pole arcs of the rotor are 21.5 • and 19.5 • , respectively.
In order to compare the machine performance, the comparisons are made among the generated average torque, torque ripple, power, and efficiency. The torque ripple and efficiency are calculated according to the following equations.
η = P P + P Fe + P Cu + P m + P eddy (13) where k is the torque ripple; T max , T min and T avg are the maximum, minimum and average torque, respectively; η is the efficiency; P Fe , P Cu , P m , and P eddy are the iron loss, copper loss, mechanical loss and eddy-current loss, respectively. The comparison results are illustrated in Fig. 20 . It can be seen that the average torque, power, and efficiency of the four combinations are all very similar, which are about 3.5 N · m, 350 W, and 76%, respectively. However, the torque ripples are rather different, which are 84.3%, 69.2%, 62.6%, and 41.8%, respectively. Obviously, when the pole arcs of the inner-and outer-stator are 12 • and 17.5 • , respectively, and the inner-and outer-pole arcs of the rotor are 21.5 • and 19.5 • , respectively, the DSSRM shows a better torque performance due to the lower torque ripple. In summary, the optimal pole arc combination can be finally scoped out according to the static and transient 3-D simulations. When the pole arcs of the inner-and outer-stator set to 12 • and 17.5 • , respectively, and the inner-and outerpole arcs of the rotor are set to 21.5 • and 19.5 • , respectively, the designed DSSRM shows the best torque performance, including the average torque and torque ripple.
V. CONCLUSION
In this paper, a novel DSSRM design strategy is proposed for high torque and low torque ripple based on multiple pole arcs optimization. The parametric analysis method is adopted by using 3-D FEM to investigate the effects of pole arcs of the outer stator and inner stator, and inner and outer pole arcs of the rotor, on the torque performance.
Firstly, according to the design requirements and specifications, the initial motor parameters are designed by separating the DSSRM into two inner and outer rotor SRMs, which are designed respectively according to the design principle of the conventional SRM.
Secondly, the constraints of the pole arcs are analyzed for the designed DSSRM. A constrained quadrilateral is firstly proposed, where the potential combinations of pole arcs are included.
Thirdly, the multiple parametric analysis processes are carried out to investigate the effects of four pole arcs on the torque characteristic until four optimal combinations are found to generate higher torque.
Fourthly, for the static simulation, the novel average torque calculation method with 15 • rotor position range is proposed to calculate and evaluate the torque characteristic, which considers not only the excitation and demagnetization processes of phase currents, but also the optimal range to produce torque. VOLUME 6, 2018 Finally, the transient simulation is further carried out to find out the optimal one with lower torque ripple from the four obtained combinations of pole arcs.
The proposed multiple pole arcs optimization strategy can be widely applied in the DSSRM design process. By employing the proposed method, a high-performance DSSRM with high torque and low torque ripple can be designed accordingly for electric vehicle, aerospace, and other industrial traction systems applications.
